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ABSTRACT 

Provided is an electroactive structure for growing isolated 
differentiable cells comprising a three dimensional matrix of 
?bers formed of a biocompatible synthetic piezoelectric poly 
meric material, Wherein the matrix of ?bers is seeded With the 
isolated differentiable cells and forms a supporting scaffold 
for groWing the isolated differentiable cells, and Wherein the 
matrix of ?bers stimulates differentiation of the isolated dif 
ferentiable cells into a mature cell phenotype on the structure. 
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SYSTEM AND METHOD FOR A 
PIEZOELECTRIC SCAFFOLD FOR NERVE 

GROWTH AND REPAIR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 12/411,320 ?led: Mar. 25, 2009; 
and clams the bene?t under 35 U.S.C. §119(e) of US. Pro 
visional Patent Application Ser. No. 61/159,751; ?led: Mar. 
12, 2009, Which are hereby incorporated by reference their 
entirety. 

FIELD OF THE INVENTION 

[0002] This invention relates to the ?elds of biotechnology, 
neuroscience, and regenerative medicine, such as, for 
example, cell growth/differentiation and/or tissue repair. 

BACKGROUND 

[0003] Nerve injuries, for example, injuries to peripheral, 
brain, or spinal cord nerves present considerable challenges 
to repair due to their physiological and morphological com 
plexity. For example, spinal cord injury (SCI) is as any kind of 
trauma to the spinal cord that results in a loss of function such 
as movement or sensation. In the United States, there are 
approximately 250,000 people living With SCI, and 11,000 
neW injuries are reported every year.(14) Typically, With SCI 
the neuronal axons are compressed or transected, resulting in 
tissue damage, cell death, and loss of function.(15) Spinal 
cord injuries are particularly dif?cult to treat because the 
differentiated nerves of the central nervous system demon 
strate a diminished capacity for regeneration. 
[0004] Replacing the damaged tissue With nerves taken 
from other anatomic sites or allograft material is one option, 
but the best hope for complete or nearly complete recovery is 
to coax the damaged nerves to regroW. SchWann cell-laden 
grafts and nerve conduits have shoWn promise for repairing 
nervous tissue(16;17) and optic nerves(18), as have injections 
of olfactory ensheathing cells(19) and adult stem cells(20), 
but the siZe and complexity of the spinal cord Warrants the 
development of specialiZed constructs. 
[0005] Local electric ?elds have been measured during 
neural development or after nerve injury in various vertebrate 
systems. In addition, electric ?elds generated via electrodes 
can in?uence neural groWth and orientation in vitro (Patel N 
B. J Neurosci. 1984; 4:2939-47) and have been applied for the 
treatment of spinal cord injuries in recent clinical trials (Duf 
fell L D. Mus Nerve. 2008; 38: 1304-11). 
[0006] Therefore, there is an ongoing need for therapeutic 
approaches With potential to treat and/or ameliorate the 
effects of nerve injury. Accordingly, compositions and meth 
ods that are capable of manipulating local electric ?elds and 
promoting cell and tissue groWth and/or repair, for example, 
neuronal cell and tissue groWth and/or repair, as presently 
described, present an opportunity for therapeutic interven 
tion. 

SUMMARY 

[0007] Described herein are compositions and methods 
useful for promoting the groWth and/ or differentiation and/ or 
repair of a cell and/or tissue, for example, a differentiable cell 
such as an isolated stem cell or progenitor cell, e.g., an iso 
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lated neuronal stem or progenitor cell, nerve cell or tissue 
With or Without other supporting cells or other progenitor 
cells. 
[0008] In certain aspects, the present invention provides an 
electroactive, or pieZoelectric, biomaterial as an electroactive 
scaffold for facilitating groWth, differentiation, and/or repair 
of a cell and/or a tissue. The pieZoelectric material acts as a 
highly sensitive mechanoelectrical transducer that Will gen 
erate charges in response to minute vibrational forces. Further 
provided are pieZoelectric compositions comprising a three 
dimensional matrix of micro and/or nano?bers of pieZoelec 
tric synthetic or biological polymers used as an implantable 
scaffolding for delivery of differentiable stem/progenitor 
cells, e.g., human mesenchymal cells, neuronal stem/pro 
genitor cells or the like, in tissue engineering applications and 
methods of preparing them. The pieZoelectric scaffolds, 
Which demonstrate electrical activity in response to minute 
mechanical deformation, alloW the achievement of local elec 
tric ?elds characteristic of the natural extracellular matrix 
observed during development and regeneration or repair. 
[0009] In one aspect, the present invention provides an 
electroactive structure for groWing isolated differentiable 
cells that comprises a three dimensional matrix of micro 
and/or nanosiZed ?bers formed of a biocompatible synthetic 
pieZoelectric polymeric material Wherein the matrix of ?bers 
is seeded With the isolated differentiable cells and forms a 
supporting scaffold for groWing the isolated differentiable 
cells, and Wherein the matrix of ?bers alone or in combination 
With other factors stimulates differentiation of the isolated 
differentiable cells into a mature cell phenotype on the struc 
ture. In any of the embodiments described herein, the micro 
or nano?brous matrix of the electroactive structure or scaf 
fold includes a random, and/or aligned, and/or patterned 
?brous mesh of ?bers. 
[0010] In other aspects, presently described are polymer 
scaffolds for promoting tissue groWth, differentiation, and/or 
repair. In an exemplary embodiment of this aspect, the scaf 
fold matrix is comprised of a polymer that demonstrate pieZo 
electric properties. In certain embodiments, the pieZoelectric 
polymer is a polyvinyl polymer or co-polymer, for example, 
a permanently pieZoelectric poly (vinylidene ?uoride tri?uo 
roethylene) (PVDF-TrFE) copolymer. 
[0011] In another aspect, presently described are polymer 
scaffolds formed by electrospinning. In an exemplary 
embodiment of this aspect, the scaffold is comprised of a 
matrix of micro and/ or nanosiZed ?bers formed by electro 
spinning a pieZoelectric polymer (i.e., a polymer that exhibits 
pieZoelectric properties). In certain embodiments, the pieZo 
electric polymer to be electrospun into ?bers comprises a 
polyvinyl polymer or co-polymer, for example, a perma 
nently pieZoelectric poly (vinylidene ?uoride tri?uoroethyl 
ene) (PVDF-TrFE) copolymer. In another embodiment, the 
matrix ?bers are a non-Woven mesh of micro- and/or nano 

siZed ?bers. In another embodiment, the three dimensional 
matrix of ?bers formed of a biocompatible synthetic pieZo 
electric polymeric material is formed by electrospinning. In 
another embodiment, the isolated differentiable cells are mul 
tipotent human mesenchymal cells or neuronal stem/progeni 
tor cells. 

[0012] In certain aspects of the invention, the differentiable 
cell matures or differentiates Within and/or on the scaffold. 
The differentiation status of a cell can be determined by 
assessing suitable phenotypic markers, e.g., cell surface pro 
teins, and/or gene expression pro?les, Which are speci?c for a 
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differentiated cell. In one embodiment, the mature cell phe 
notype comprises a neuronal cell phenotype. 
[0013] In another aspect, the present invention provides a 
composition for use in tissue engineering that comprises (a) 
isolated differentiable cells, and (b) a supporting electroac 
tive scaffold for groWing the isolated differentiable cells, the 
supporting scaffold comprising a three dimensional matrix of 
?bers formed of a biocompatible synthetic pieZoelectric poly 
meric material, Wherein the matrix of ?bers is seeded With the 
isolated differentiable cells and forms a supporting scaffold 
for groWing the isolated differentiable cells, and Wherein the 
matrix of ?bers stimulates differentiation of the isolated dif 
ferentiable cells into a mature cell phenotype on the structure. 
In one embodiment, the biocompatible synthetic pieZoelec 
tric polymeric material is poly(vinylidene ?uoride tri?uoro 
ethylene) copolymer. In another embodiment, the three 
dimensional matrix of ?bers is a non-Woven mesh of nano? 
bers. In still another embodiment, the three dimensional 
matrix of ?bers formed of a biocompatible synthetic pieZo 
electric polymeric material is formed by electrospinning. In 
certain embodiments, the isolated differentiable cells are 
multipotent human mesenchymal cells, or neuronal stem/ 
progenitor cells. In another embodiment, the mature cell phe 
notype comprises a neuronal cell phenotype. In another 
embodiment, step (a) further comprises the step of obtaining 
the differentiable human mesenchymal cells from bone mar 
roW or other tissue, e.g., brain or spine. 

[0014] In an additional aspect, presently described are 
polymeric scaffolds for modulating or promoting the groWth, 
differentiation, and/or repair of a cell or tissue, for example, a 
mesenchymal stem cell, neuronal stem/progenitor cell, neu 
ron, or the like. In certain embodiments, the polymeric scaf 
folds may include a matrix producing or supporting cell, e.g., 
a ?broblast. In further aspects, the polymeric scaffolds pro 
vided by the invention can be used alone or in combination 
With a cell to promote repair of damaged tissue, e.g., nerve 
tissue, in a subject. In certain embodiments, the cell or cells 
seeded in or on the scaffold comprises a mesnechymal stem 
cell, a neuronal stem/progenitor cell, a neuron or a combina 
tion thereof. In additional embodiments, the polymeric scaf 
folds are seeded With a matrix producing or supporting cell, 
e.g., a ?broblast cell, glial cell, or SchWann cell. 
[0015] In an additional aspect, the polymeric scaffolds pro 
vided by the invention are generated or fabricated in order to 
more closely mimic the structure of the natural extracellular 
matrix. In an exemplary embodiment of this aspect, the scaf 
fold is comprised of an electrospun polymer that demon 
strates pieZoelectric properties. In certain embodiments, the 
electrospun pieZoelectric polymer is a polyvinyl polymer or 
co-polymer, for example, a permanently pieZoelectric poly 
(vinylidene ?uoride tri?uoroethylene) (PVDF-TrFE) copoly 
mer. In certain embodiments, the PVDF-TrFE is fabricated 
into a ?brous scaffold and the ?bers are random, aligned or a 
combination of both. In certain embodiments the scaffold 
matrix, and/ or ?bers additionally comprise an exogenous pro 
tein or compound to promote cell groWth, differentiation, 
and/ or repair, including for example, groWth factors, chemok 
ines, polysaccharides, glycans, or the like. 
[0016] In another aspect, described herein are methods for 
promoting and/or enhancing the groWth, differentiation, and/ 
or repair of a cell or of a tissue, e.g., a nerve tissue, comprising 
seeding a cell on a scaffold comprised of an electrospun 
polymer that demonstrates pieZoelectric properties, Wherein 
the scaffold promotes the groWth, differentiation, and/or 
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repair of a cell or tissue Within or outside of the scaffold 
matrix. In certain embodiments, the electro spun pieZoelectric 
polymer is a polyvinyl polymer or co-polymer, for example, 
a permanently pieZoelectric poly (vinylidene ?uoride tri?uo 
roethylene) (PVDF-TrFE) copolymer. In certain embodi 
ments, the cell is a mesenchymal stem cell or other progenitor 
cell, e.g., a neuronal progenitor cell, a neuron, or a combina 
tion thereof. In additional embodiments, the cell is seeded 
together With a matrix producing, and/or supporting cell or 
progenitor thereof, e.g., a ?broblast, glial cell, and/or 
SchWann cell. 
[0017] The preceding general areas of utility are given by 
Way of example only and are not intended to be limiting on the 
scope of the present disclosure and appended claims. Addi 
tional objects and advantages of the present invention Will be 
appreciated by one of ordinary skill in the art in light of the 
instant claims, description, and examples. For example, the 
various aspects and embodiments of the invention may be 
utiliZed in numerous combinations, all of Which are expressly 
contemplated by the present description. These additional 
objects and advantages are expressly included Within the 
scope of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The patent or application ?le contains at least one 
draWing executed in color. Copies of this patent or patent 
application publication With color draWing(s) Will be pro 
vided by the O?ice upon request and payment of the neces 
sary fee. 
[0019] The accompanying draWings, Which are incorpo 
rated into and form a part of the speci?cation, illustrate sev 
eral embodiments of the present invention and, together With 
the description, serve to explain the principles of the inven 
tion. The draWings are only for the purpose of illustrating an 
embodiment of the invention and are not to be construed as 
limiting the invention. 
[0020] FIG. 1 depicts SEM images (magni?cation of 3500) 
of aligned (left) and random (right) electrospun PVDF-TrFE 
scaffolds; 
[0021] FIG. 2 depicts DSC (heat ?oW) and TSDC (current) 
results for unprocessed poWder (a) and electrospun PVDF 
TrFE (b). Electric response of PVDF-TrFE scaffold (c) When 
initialiZing deformation and (d) 25ms duration While deform 
mg; 
[0022] FIG. 3 shoWs confocal images of PC-l2 cells cul 
tured on (a) PVDF-TrFE meshes in induction media; (b) in 
standard groWth media; and (c) PC-l2 cells on PLLA meshes 
in induction media (60x objective D); and metabolic activity 
of PC-l2 cells at 10 days in culture *P<0.05 for PVDF-TrFE 
versus collagen; 
[0023] FIG. 4 shoWs chondroadherin and focal adhesion 
kinase (FAK) gene expression in human mesenchymal stem 
cells (hMSCs) cultured for 28 days on PLLA and PVDF 
TrFE scaffolds. Cell pellet cultures serve as controls; 
[0024] FIG. 5 shoWs glycosaminoglycan production 
(sGAG) for human mesenchymal stem cells cultured in chon 
drogenic induction media on PLLA and PVDF-TrFE meshes 
at 28 days. Pellet cultures served as a positive control. *p<0. 
05; 
[0025] FIG. 6 shoWs (a) viability and groWth of human skin 
?broblasts on electrospun PVDF-TrFE ?ber scaffold com 
pared to tissue culture polystyrene (TCPS); (b) SEM image of 
electrospun PVDF-TrFE ?bers; 



US 2010/0324697 A1 

[0026] FIG. 7 shows confocal scanning laser microscopy 
images of human skin ?broblasts attached to PVDF-TrFE 
?bers after 1 day and after 7 days of cell culture; 
[0027] FIG. 8 depicts PC12 cells stained With Phalloidin on 
random (a) or aligned (b) PVDF-TrFE and collagen (c) in 
induction media (20x). (d) MTT viability assay for PC12 
cells on random PVDF-TrFE and collagen in induction 
media. Cell proliferation on collagen Was higher than PVDF 
TrFE(p>0.05); 
[0028] FIG. 9 depicts DRGs stained With Vybrant® CFDA 
SE cell tracker at day 3 on random (left) and aligned (right) 
PVDF-TrFE scaffolds (4><); 
[0029] FIG. 10 depicts an Image ofcontused spinal cord in 
the rat a) after contusion and b) after the insertion of the 
PVDF-TrFE scaffold; 
[0030] FIG. 11 Confocal microscopy images of hNPCs on 
PVDF-TrFE-L a) random, b) random-annealed, c) aligned, d) 
aligned-annealed (all at 40x obj), and e) laminin (20x obj.); 
and 
[0031] FIG. 12 Fraction of positive nestin, tubulin, and 
GFAP on various scaffolds. *Nestin positive cells Were the 
highest on laminin. **Tubulin positive cells Were the loWest 
on laminin in comparison to annealed, random and aligned 
PVDF-TrFE(L) and annealed random PVDF-TrFE(S). 
* * *Tublinpositive cells on annealed, aligned PVDF-TrFE(L) 
Was signi?cantly greater than as-spun aligned PVDF-TrFE 
(L). Very little GFAP positive cells could be detected in all of 
the samples. 

DETAILED DESCRIPTION 

[0032] The folloWing is a detailed description of the inven 
tion provided to aid those skilled in the art in practicing the 
present invention. Those of ordinary skill in the art may make 
modi?cations and variations in the embodiments described 
herein Without departing from the spirit or scope of the 
present invention. Unless otherWise de?ned, all technical and 
scienti?c terms used herein have the same meaning as com 
monly understood by one of ordinary skill in the art to Which 
this invention belongs. The terminology used in the descrip 
tion of the invention herein is for describing particular 
embodiments only and is not intended to be limiting of the 
invention. All publications, patent applications, patents, ?g 
ures and other references mentioned herein are expressly 
incorporated by reference in their entirety. 
[0033] Described herein are compositions and methods 
useful for promoting the groWth, differentiation, and/ or repair 
of a cell and/or tissue, e.g., a stem or progenitor cell. In 
particular, the present invention is based upon the surprising 
and unexpected discovery that cell and/or tissue groWth, dif 
ferentiation, and/ or repair is/ are enhanced When groWn on a 
three-dimensional electroactive structure or scaffold com 

prising microsized or nanosized ?bers, or both, of a piezo 
electric polymer material. Unless otherWise indicated, the 
term “polymer” refers to either or both of a homopolymer and 
heteropolymer (i.e., co-polymer). The compositions and 
methods provided by the invention are useful as a research 
tool, a surgical implantation device, a cell or tissue culture 
device or a combination thereof for in vitro, in vivo, and/ or ex 
vivo culture of a cell and/or tissue, e.g., a stem or progenitor 
cell, or other cell or tissue for the generation of tissue for 
repair of damaged tissue, for allographic or xenographic 
transplantation or any combination thereof. 
[0034] The folloWing patents and published patent applica 
tions are relevant to the subject matter of the present inven 
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tion: US. Pat. Nos. 6,689,166 and 6,790,528; and US. Pub 
lished Pat. App. Nos. 2004-0018226; 2006-0204539; 2009 
0325296; 2009-0028921; and 2006-0128012, the disclosures 
of Which are all incorporated herein by reference in their 
entirety for all purposes. 
[0035] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. 
[0036] As used herein, the term “stem cell” refers to undif 
ferentiated cells having high proliferative potential With the 
ability to self-reneW that can migrate to areas of injury and can 
generate daughter cells that can undergo terminal differentia 
tion into more than one distinct cell phenotype. These cells 
have the ability to differentiate into various cells types and 
thus promote the regeneration or repair of a diseased or dam 
aged tissue of interest. 
[0037] The term “progenitor cell” as used herein refers to 
an immature cell isolated from a tissue, including, e.g., bone 
marroW, brain, spinal cord, heart, adipose, connective, epi 
thelium, endothelium, or the like, that can be isolated by 
groWing suspensions of the cells in culture dishes With added 
groWth factors. Progenitor cells are referred to as colony 
forming units (CFU) or colony-forming cells (CFC). The 
speci?c lineage of a progenitor cell is indicated by a su?ix, 
such as, but not limited to, CFU-F (?broblastic). 
[0038] As used herein, the term “polymer” refers to a mac 
romolecule formed by the chemical union of ?ve or more 
identical combining units called monomers. In most cases, 
the number of monomer is quite large and often is not pre 
cisely knoWn. In synthetic polymers, this number may be 
controlled to a predetermined extent. Combinations tWo, 
three, or four monomers are called, respectively, dimers, tri 
mers, and tetramers, and are knoWn collectively as oligomers. 
Polymers may be inorganic (e.g., siloxane, sulfur chains, 
black phosphorus, boron-nitrogen, silicones) or organic 
(meaning containing carbon). Organic polymers may be natu 
ral [e.g., polysaccharides, such as starch, cellulose, pectin, 
seaWeed gums, vegetable gums; polypeptides, such as casein, 
albumin, globulin, keratin, insulin, DNA; and hydrocarbons], 
synthetic [such as thermoplastics (unvulcanized elastomers, 
nylon, polyvinyl chloride, poly (vinylidene ?uoride tri?uo 
roethylene) linear polyethylene, polystyrene, polypropylene, 
polyurethane, acrylate resins); thermosetting (e.g., vulca 
nized elastomers, crosslinked polyethylene, phenolics, 
alkyds, polyesters), and semisynthetic (e.g., cellulosics, such 
as rayon, methylcellulose, cellulose acetate; and modi?ed 
starches)]. The term “homopolymer” refers to a natural or 
synthetic polymer derived from a single monomer. The term 
“heteropolymer” refers to a natural or synthetic polymer 
derived from more than one monomer subunit (i.e., co-poly 
mer). Unless otherWise indicated, the term “polymer” is used 
generally to refer to both homopolymers and heteropolymers 
(i.e., co-polymer) as described herein. 
[0039] The term “cellular differentiation” as used herein 
refers to the process by Which cells acquire a cell type. 
[0040] The term “AHf’ refers to Heat of Fusion. 
[0041] The term “nanoscale ?ber” generally refers to ?bers 
Whose diameter ranges from about 1 to about 1000 nanom 
eters. 

[0042] The term “piezoelectric material” as used herein 
refers to any material that exhibits piezoelectric properties or 
effects. The terms “piezoelectric properties” or “piezoelectric 
effects” are used interchangeably to refer to the property 
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exhibited by piezoelectric materials of becoming electrically 
polarized When mechanically strained and of becoming 
mechanically strained When an electric ?eld is applied. 
[0043] The present invention described hereinabove has 
both human and veterinary utility. The term “subject” as used 
herein therefore includes animals, e.g., those of mammalian 
origin, including humans. 
[0044] The term “Tm” refers to melting point. 
[0045] The term “groWth factor” refers generally to bioac 
tive cell signaling molecules, including cytokines and 
chemokines, Which are knoWn to elicit physiological effects 
through their interaction With cell surface receptors (typically 
receptor tyrosine kinases, Ser/Thr kinases, immunoglobulins 
or GPCRs) on a cell. The physiological effects of groWth 
factor binding to its receptor include, for example, changes in 
gene expression, and/or cell proliferation, differentiation, 
activation, quiescence, or apoptosis. In certain cases, groWth 
factors are pleiotropic, i.e., they may induce different physi 
ological effects depending on the concentration, cell type, 
and/ or cell status. In any of the embodiments provided herein, 
the ?ber, matrix, and/ or scaffold may additionally include one 
or more groWth factors to enhance, e.g., cell or tissue groWth, 
differentiation, and/ or repair. 
[0046] Where a range of values is provided, it is understood 
that each intervening value, to the tenth of the unit of the loWer 
limit unless the context clearly dictates otherWise, betWeen 
the upper and loWer limit of that range and any other stated or 
intervening value in that stated range is encompassed Within 
the invention. The upper and loWer limits of these smaller 
ranges Which may independently be included in the smaller 
ranges is also encompassed Within the invention, subject to 
any speci?cally excluded limit in the stated range. Where the 
stated range includes one or both of the limits, ranges exclud 
ing either both of those included limits are also included in the 
invention. 
[0047] Although any methods and materials similar or 
equivalent to those described herein can also be used in the 
practice or testing of the present invention, the preferred 
methods and materials are noW described. All publications 
mentioned herein are incorporated herein by reference to 
disclose and described the methods and/or materials in con 
nection With Which the publications are cited. 
[0048] It must be noted that as used herein and in the 
appended claims, the singular forms “a”, “an ”, and “the” 
include plural references unless the context clearly dictates 
otherWise. All technical and scienti?c terms used herein have 
the same meaning. 
[0049] In certain aspects, the present invention provides an 
electroactive, or piezoelectric, biomaterial as an electroactive 
scaffold for enhancing or facilitating groWth, differentiation, 
and/ or repair of a cell and/ or a tissue. The piezoelectric mate 
rial acts as a highly sensitive mechanoelectrical transducer 
that Will generate charges in response to minute vibrational 
forces. In certain embodiments, the invention provides piezo 
electric compositions comprising a three-dimensional matrix 
of micro- and/or nano?bers of piezoelectric synthetic or bio 
logical polymers used as an implantable scaffolding for the 
groWth and/or delivery of differentiable cells, for example, 
mesenchymal stem cells, progenitor cells, including neuronal 
stem/progenitor cells or any other cell for tissue engineering 
applications and methods of preparing them. The piezoelec 
tric scaffolds, Which demonstrate electrical activity in 
response to minute mechanical deformation, alloW the 
achievement of local electric ?elds characteristic of the natu 
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ral extracellular matrix observed during development and 
regeneration or repair. The differentiable cells can be isolated 
according to Well knoWn methods and may be isolated from 
any suitable subject, for example, a mammal, including a 
human. 

[0050] Random, aligned, and patterned nano-?brous mesh 
and three-dimensional structures can be fabricated by altering 
collection methods as described herein. The topographic fea 
tures of nano-aligned-?brous scaffolds create contact guid 
ance. For example, in the case of a isolated differentiable 
neuronal stem or progenitor cell, the aligned ?brous scaffold 
fabricated in accordance With the present description can 
further facilitate axonal extension. Experimental results have 
demonstrated for certain exemplary embodiments, enhanced 
neuronal differentiation and neurite extension on PVDF-TrFe 
meshes. Also, cells on aligned nano?ber scaffolds extend 
neurites unidirectionally, parallel With the aligned ?bers. 
[0051] Specialized protein receptors that have the capabil 
ity of selectively binding or adhering to other signaling mol 
ecules coat the surface of every cell in the body. Cells use 
these receptors and the molecules that bind to them as a Way 
of communicating With other cells and to carry out their 
proper functions in the body. Each cell type has a certain 
combination of receptors, or markers, on their surface that 
makes them distinguishable from other kinds of cells. In 
certain embodiments, comprising a neuronal stem/progenitor 
cell, piezoelectric polymers can induce transient change of 
surface charge Without requiring additional energy sources or 
electrodes and have been shoWn to yield a higher level of 
neuronal differentiation and neurite outgroWth of mouse neu 
roblastoma cells. 

[0052] Therefore, in one aspect the present invention pro 
vides a novel electroactive structure or scaffold to be used to 
promote groWth, differentiation, and/ or repair of a differen 
tiable stem/progenitor cell, e.g., a mesenchymal cell or neu 
ronal stem/progenitor cell. As described herein, in an exem 
plary embodiment, the piezoelectric property of the ?ber 
matrix promotes neurite extension by neuronal stem/progeni 
tor cells incorporated into the piezoelectric scaffold. The 
piezoelectric scaffold in an aligned nano?brous format pro 
vides the appropriate physical cues to promote axonal regen 
eration.(8- l 0) By combining the scaffold With neuronal stem/ 
progenitor cells, the cells may provide the therapeutic bene?t 
of neuroprotection(l l) and/ or functionally integrate into the 
spared spinal cord circuitry (e.g. forming neW oligodendro 
cytes and/or neurons)(l2;l3) to improve therapeutic out 
comes. 

[0053] Thus, in an examplary embodiment, the invention 
provides an electroactive structure for groWing an isolated 
differentiable stem/ pro genitor cell comprising a three dimen 
sional matrix of ?bers comprising a biocompatible synthetic 
piezoelectric polymeric material, Wherein the matrix of ?bers 
is seeded With at least one isolated differentiable stem/pro 
genitor cell and forms a supporting scaffold for groWing the 
isolated differentiable stem/progenitor cell. In certain 
embodiments, the isolated differentiable cell is a differen 
tiable neuronal stem/progenitor cell or other cell or progeni 
tor cell capable of being differentiated into a nerve cell. In 
another embodiment, the matrix of piezoelectric ?bers stimu 
lates groWth, differentiation, and/or repair of the isolated 
differentiable neuronal progenitor cell into a mature neuronal 
cell phenotype on the structure, for example, a peripheral 
nerve, brain or spinal cord neuron. In this context, it is to be 
understood that the Word “on” is used in broad sense and 
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refers to, and includes, by Way of example, cells growing 
partially or completely “on,” “in,” “Within,” and/ or “through” 
the structure. 

[0054] After spinal cord injury (SCI) unidirectional aligned 
structure of the axons is disrupted [l] and restoring the origi 
nal structure is necessary for functional recovery. A tissue 
engineered bridging device as described herein is a promising 
method to guide axonal outgroWth for repair of SCI. HoW 
ever, the cell favors the implantation site more [1], thus appro 
priate topographic cues Within the bridging device may be 
crucial in successfully guiding axons to extend out of the 
bridge and to enhance host-implant interaction. As discussed 
above, local electric ?elds have been measured during neural 
development or after nerve injury in various vertebrate sys 
tems [2]. Electric ?elds generated via electrodes have been 
shoWn to in?uence groWth and orientation of neurons in vitro 
[3]. It Was surprisingly and unexpectedly discovered that 
pieZoelectric polymers can induce transient change of surface 
charge Without requiring additional energy sources or elec 
trodes and have been shoWn to yield a higher level of cell 
groWth, differentiation, and repair as exempli?ed by the 
observed neuronal differentiation and neurite outgroWth of 
mouse neuroblastoma cells [4]. 
[0055] In any of the embodiments described herein, the 
biocompatible synthetic pieZoelectric polymer may be com 
prised of any suitable polymeric material that demonstrates 
pieZoelectric properties. In certain embodiments, the electro 
spun pieZoelectric polymer is a polyvinyl polymer or co 
polymer, for example, a permanently pieZoelectric poly (vi 
nylidene ?uoride tri?uoroethylene) (PVDF-TrFE) 
copolymer. The steric hindrance of the TrFe polymer in 
PVDF-TrFE forces the copolymer into an all-trans con?gu 
ration and is considered pieZoelectric [5]. 
[0056] In certain embodiments, the pieZoelectric polymeric 
scaffold as described herein is formed by electrospinning. 
Electrospinning is used to synthesiZe polymeric tissue engi 
neering scaffolds by applying a high voltage to an ejectable 
polymer solution. The basic principle behind this process is 
that an electric voltage suf?cient enough to overcome the 
surface tension of a polymeric solution causes the polymer 
droplets to elongate so that the polymer is splayed randomly 
as very ?ne ?bers, Which When collected on a grounded metal 
plate, form a non-Woven mat or mesh. Traditionally, electro 
spinning has yielded non-Woven (i.e., mesh) mats (also called 
matrices and scaffolds) of nanometer siZed ?ber diameters 
and nanometer siZed pore diameters. HoWever, in order for 
cells to in?ltrate into a scaffold and proliferate, micron siZed 
?ber diameters and micron siZed pore diameters are optimal. 
Since the diameter of a cell is approximately 10 pm to 20 um, 
pore siZes at the cellular level or above are needed to alloW for 
cell in?ltration. In an exemplary embodiment, the matrix 
?bers comprise a non-Woven mesh of random and/or aligned 
nano?bers or micro?bers or a combination thereof. 

[0057] In certain embodiments, the electrospun ?bers have 
an average ?ber diameter of from about 100 nm to about 100 
microns. In an additional embodiment, the electrospun ?bers 
have an average ?ber diameter of from about 600 nm to about 
5 microns. In a preferred embodiment, the electrospun ?bers 
are PVDF-TrFE ?bers and have an average ?ber diameter of 
from about 750 microns to about 5 microns. 

[0058] In certain embodiments, the polymer, e. g., PVDF 
TrFE, is fabricated into a ?brous matrix scaffold and the ?bers 
are arranged randomly, substantially or approximately 
aligned or a combination of both. As used herein, “substan 
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tially or approximately aligned” refers to a matrix in Which 
the ?bers shoW more directional uniformity in any desired 
plane as compared to a “random” ?ber matrix. In an exem 
plary embodiment of this aspect, the scaffold is comprised of 
a matrix of substantially axially aligned electrospun ?bers 
using a polymer that demonstrates pieZoelectric properties. In 
certain embodiments, the electrospun pieZoelectric polymer 
is a polyvinyl polymer or co-polymer, for example, a perma 
nently pieZoelectric poly (vinylidene ?uoride tri?uoroethyl 
ene) (PVDF-TrFE) copolymer. 
[0059] In any of the embodiments described herein, the 
?bers of the electroactive structure may be thermally 
annealed prior to seeding With an isolated differentiable stem/ 
progenitor cell. The annealing step increases the siZe of the 
beta phase crystal in the pieZoelectric materials, Which results 
in an increase in the pieZoelectric property or resulting elec 
trical activity of the material. As described in further detail 
beloW, thermal annealing of the matrix ?bers results in 
enhanced pieZoelectric characteristics, and/ or improved crys 
tal organiZation. The improved pieZoelectric properties of the 
annealed ?bers improves stem/ pro genitor cell groWth, and/ or 
differentiation. In a preferred embodiment, the ?bers are 
annealed by incubating the scaffold at 1350 C. for 96 hours 
and quenched With ice Water prior to seeding With a cell. In 
any of the embodiments described herein, the annealing time 
can be varied, hoWever, the annealing step must occur beloW 
the melting temperature of the material. 
[0060] In certain additional embodiments, the scaffold 
demonstrates polarity in one or more planes such as through 
a gradient in, for example, ?ber diameter, ?ber composition, 
pore siZe, concentration of chemical or groWth factor cues or 
a combination thereof. By varying the polarity of the scaffold 
directional groWth or polarized cell groWth may be enhanced. 
[0061] In certain aspects the scaffold matrix, and/or ?bers 
additionally comprise an exogenous protein or compound to 
promote cell groWth, differentiation, and/ or repair, including 
for example, groWth factors, chemokines, polysaccharides, 
glycans, or the like. In any of the embodiments described 
herein, the polymer ?ber, matrix, and/or scaffold may addi 
tionally include one or more groWth factors. In certain 
embodiments, the groWth factor to be included is capable of 
enhancing or further promoting cell groWth and/ or differen 
tiation of the differentiable stem/progenitor cell into a mature 
cell phenotype. For example, in one exemplary embodiment, 
the cell to be seeded is an isolated differentiable neuronal 
progenitor cell, and a suitable groWth factor to be included 
comprises nerve groWth factor (NGF), brain-derived neu 
rotrophic factor or a combination thereof. In any of the 
embodiments described herein, the groWth factor may be 
associated to at least one of the polymeric ?ber, matrix, and/or 
scaffold through a covalent interaction, a non-covalent inter 
action or a combination of both. 

[0062] In certain aspects of the invention, the differentiable 
cell matures or differentiates Within and/or on the scaffold. 
The differentiation status of a cell can be determined by 
assessing suitable phenotypic markers, e.g., cell surface pro 
teins, and/or gene expression pro?les, Which are speci?c for a 
differentiated cell. In one embodiment, the mature cell phe 
notype comprises a neuronal cell phenotype. The mature 
neuronal cell phenotype is demonstrated by at least one of 
increased tubulin expression, reduced expression of nestin, 
neurite groWth or a combination thereof. The mature cell 
phenotype can be detected using any suitable method or 
assay, e.g., immunoglobulin or PCR-based methods, includ 
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ing ELISA, Western Blot, Northern Blot, RTQ-PCR, chemi 
luminescence/FACS cell sorting or a combination thereof. 
Suitable molecular biological and biochemical techniques for 
assaying for the phenotype of a cell are known in the art and 
are described in, for example, Ausubel, et al., CURRENT 
PROTOCOLS IN MOLECULAR BIOLOGY, John Wiley & 
Sons, NeW York, NY, 1993; Sambrook, et al., MOLECU 
LAR CLONING: A LABORATORY MANUAL. 2nd ed., 
Cold Spring Harbor Laboratory, Cold Spring Harbor Labo 
ratory Press, Cold Spring Harbor, NY, 1989. 
[0063] In an additional aspect, the invention provides the 
electroactive structure for groWing isolated differentiable cell 
described herein comprise a three dimensional matrix of 
?bers comprising a biocompatible synthetic pieZoelectric 
polymeric material, Wherein the matrix of ?bers is seeded 
With a combination of at least one isolated differentiable cell 
and a matrix producing or supporting cell, for example, a 
?broblast, Wherein the structure forms a supporting scaffold 
for growing/differentiating the isolated differentiable cell. In 
certain embodiments, the isolated differentiable cell is a dif 
ferentiable neuronal stem/progenitor cell or cell capable of 
being differentiated into a nerve cell. In certain additional 
embodiments, the matrix producing or supporting cell to be 
included comprises a ?broblast, a glial cell, a satellite cell, a 
SchWann cell or a combination thereof, Wherein the combi 
nation stimulates differentiation of the isolated differentiable 
neuronal stem/progenitor cell into a mature neuronal cell 
phenotype on the structure. 

[0064] The polymeric scaffolds provided by the invention 
are generated or fabricated in order to more closely mimic the 
structure of the natural extracellular matrix in order to pro 
mote groWth and differentiation of the seeded cell and to 
facilitate transplantation and/ or implantation of the scaffold 
or cells groWn on the same. For example, experimental results 
have demonstrated for certain exemplary embodiments, 
enhanced neuronal progenitor cell differentiation and neurite 
extension on PVDF-TrFe meshes. Also, cells on aligned 
nano?ber scaffolds extend neurites unidirectionally, parallel 
With the aligned and/or annealed ?bers. 
[0065] Therefore, in another aspect, described herein are 
methods for promoting and/or enhancing the groWth and/or 
differentiation of a differentiable stem/progenitor cell, e.g., a 
neuronal stem/progenitor cell, comprising seeding a differ 
entiable stem/progenitor cell on a scaffold comprised of an 
electrospun polymer that demonstrates pieZoelectric proper 
ties, Wherein the scaffold promotes the groWth and/or differ 
entiation of the differentiable stem/progenitor cell. In certain 
embodiments, the electrospun pieZoelectric polymer is a 
polyvinyl polymer or co -polymer for example, a permanently 
pieZoelectric poly (vinylidene ?uoride tri?uoroethylene) 
(PVDF-TrFE) copolymer. In certain embodiments, the differ 
entiable stem/progenitor cell is a neuronal stem/progenitor 
cell or cell capable of being differentiated into a mature nerve 
cell type. In an additional embodiment, the ?bers are substan 
tially aligned and/or annealed. 
[0066] In other aspects, the invention provides a method of 
making an implantable electroactive scaffold. In an exem 
plary embodiment, the method comprises the steps of (a) 
isolating differentiable stem/progenitor cell from a donor 
subject;(b) preparing a three-dimensional matrix of ?bers 
formed of a biocompatible synthetic pieZoelectric polymeric 
material to form a cell scaffold; (c) seeding the cell scaffold 
With the isolated differentiable stem/progenitor cell; and(d) 
groWing the differentiable stem/progenitor cell on the cell 
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scaffold so that the differentiable stem/progenitor cell differ 
entiates into a mature cell phenotype on the scaffold. In a 
preferred embodiment, the differentiable stem/progenitor 
cell is a neuronal stem/progenitor cell or a cell capable of 
being differentiated into a mature nerve cell, e. g., a peripheral 
nerve, a CNS or spinal cord nerve. In certain embodiments, 
the subject is a mammal, for example a human. In an addi 
tional embodiment, the biocompatible synthetic pieZoelectric 
polymeric material in step (b) is poly(vinylidene ?uoride 
tri?uoroethylene) copolymer. In any embodiment of this 
aspect, the three dimensional matrix of ?bers may be formed 
of a biocompatible synthetic pieZoelectric polymeric material 
by electrospinning. Further still, in any embodiment 
described herein, the three dimensional matrix of ?bers is a 
non-Woven mesh of nano?bers, micro?bers or a combination 
of both. In still further embodiments, the ?bers are aligned 
and/or annealed. 
[0067] In another aspect, the invention provides methods of 
repairing a damaged neuronal cell or tissue in a subject. An 
exemplary embodiment of this aspect comprises the steps of 
(a) isolating at least one differentiable stem/progenitor cell 
from a donor subject;(b) preparing a three-dimensional 
matrix of ?bers formed of a biocompatible synthetic pieZo 
electric polymeric material to form a cell scaffold;(c) seeding 
the cell scaffoldWith the isolated differentiable stem/progeni 
tor cell; (d) groWing the isolated differentiable stem/progeni 
tor cell on the cell scaffold ex vivo or in vitro; and (e) implant 
ing the scaffold comprising the differentiable stem/ 
progenitor cell at the site of injury, Wherein the differentiable 
stem/progenitor cell differentiates into a mature cell pheno 
type on the scaffold. In certain embodiments, the differen 
tiable stem/progenitor cell fully differentiates on the scaffold 
in vivo. 
[0068] In a preferred embodiment, the differentiable stem/ 
progenitor cell is a neuronal stem/progenitor cell or a cell 
capable of being differentiated into a mature nerve cell, e. g., 
a peripheral nerve, a CNS or spinal cord nerve. In certain 
embodiments, the subject is a mammal, for example a human. 
In an additional embodiment, the biocompatible synthetic 
pieZoelectric polymeric material in step (b) is poly(vi 
nylidene ?uoride tri?uoroethylene) copolymer. In any 
embodiment of this aspect, the three dimensional matrix of 
?bers may be formed of a biocompatible synthetic pieZoelec 
tric polymeric material by electrospinning. Further still, in 
any embodiment described herein, the three dimensional 
matrix of ?bers is a non-Woven mesh of nano?bers, micro? 
bers or a combination of both. In still further embodiments, 
the ?bers are aligned and/ or annealed. 
[0069] The folloWing examples are put forth so as to pro 
vide those of ordinary skill in the art With a complete disclo 
sure and description of hoW to make and use the present 
invention, and are neither intended to limit the scope of What 
the inventors regard as their invention nor they intended to 
represent that the experiments beloW are all or the only 
experiments performed 

Examples 

[0070] Materials and methods useful for practicing the 
present invention may be further described in one or more of 
the following: US. Pat. Nos. 6,689,166; and 6,790,528; and 
US. Published Pat. App. Nos. 2004-0018226; 2006 
0204539; 2009-0325296; 2009-0028921; and 2006 
0128012, the disclosures of Which are all incorporated herein 
by reference in their entirety for all purposes. 
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[0071] In one exemplary embodiment, an electrospun 
?brous scaffold of piezoelectric polyvinylidene ?uoride-tri 
?uoroethylene (PVDF-TrFE) Was evaluated. It Was surpris 
ingly and unexpectedly discovered that the piezoelectric scaf 
fold enhanced neurite extension. Therefore, the present 
invention provides novel compositions and methods for treat 
ing/repairing nerve damage, including treating/repairing spi 
nal cord injury (SCI). An aligned ?brous piezoelectric scaf 
fold Was also investigated in order to provide physical cues 
(via contact guidance) and local electrical activity to promote 
neuronal differentiation and neurite extension. Rat pheochro 
mocytoma (PC12) and dorsal root ganglion explants (DRGs) 
Were cultured on random or aligned ?brous PVDF -TrFE scaf 
folds. Neurites of PC12 cells Were observed to extend and 
proliferated along the direction of the aligned ?bers. Neurite 
extension of DRGs Was observed on both random and aligned 
electrospun PVDF-TrFE scaffolds Which Would be advanta 
geous to spinal cord repair. 
[0072] Fabrication Of Piezoelectric Tissue Engineering 
Scaffolds 
[0073] The present invention makes use of ?bers formed 
from a permanently piezoelectric poly(vinylidene ?uoride 
tri?uoroethylene) (PVDF-TrFE) copolymer. The PVDF 
TrFE copolymer Was fabricated into a nano?brous scaffold 
using an electrospinning technique. 
[0074] The electrospinning process is affected by varying 
the electric potential, ?oW rate, solution concentration, cap 
illary-collector distance, diameter of the needle, and ambient 
parameters like temperature. PVDF-TrFE and PLLA Were 
electrospun into ?bers according to commonly used optimi 
zation procedures Whereby porosity, surface area, ?neness 
and uniformity, diameter of ?bers, and the pattern thickness 
of the sheet could be manipulated. See, e.g., Greiner, A. et al 
AngeW Chem. Int. Ed. Engl. 46: 5670 (2007). 
[0075] The electrospinning setup used herein is described 
in Us. patent application Ser. No. 11/291,701, Which is 
incorporated herein by reference. It is comprised a syringe 
pump containing a 13-20 gauge needle mounted on a robotic 
arm in order to control the splaying of ?bers on the collector. 
An electrically grounded stainless steel plate of dimensions 
15x30 cm is used as the collector. 
[0076] PVDF-TrFE copolymer (65/35) purchased from 
Solvay Solexis, Inc. (NJ, USA) Was dissolved in Methyleth 
ylketone (MEK). For the successful formation of ?bers, a 
15% W/v solution concentration of the polymer in MEK Was 
used. The syringe pump Was ?lled With the polymer solution, 
and a constant ?oW rate of 0.035 ml/min Was maintained 
using the syringe pump. The positive output lead of a high 
voltage poWer supply (Gamma High Voltage, Inc.) Was 
attached to a 20 gauge needle, and a 25 kvolt voltage Was 
applied to the solution. The collector-to-needle distance Was 
18.5 cm. The electrospinning process Was performed in about 
12% to about 13% humidity at 25 degrees C. When the charge 
of the polymer at increasing voltage exceeded the surface 
tension at the tip of the needle, the polymer splayed randomly 
as ?bers. These Were collected as nonWoven mats on the 

grounded plate. 

Example 2 

[0077] Characterization of the Electrospun PVDF-TrFE 
Fibers 
[0078] Structure and piezoelectric activity Were examined 
by differential scanning calorimetry (DSC), thermogravimet 
ric analysis (TGA), thermally stimulated current (TSC) spec 
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troscopy, X-ray diffraction (XRD) and fourier transform 
infrared spectroscopy (FTIR). Comparisons Were made 
betWeen PVDF-TrFE polymer poWder and electrospun 
PVDF-TrFE ?bers. 
[0079] The ?ber diameter of electrospun PVDF-TrFE 
?bers Was characterized using Scanning Electron Micros 
copy (SEM) according to established methods and compared 
to poly L-lactic acid (PLLA) meshes. FIG. 1 shoWs that the 
resulting ?brous meshes had an average ?ber diameter of 
9701480 nm, With uniform ?ber morphologies having no 
beading, as characterized by scanning electron microscopy. 
The ?ber mats Were free of droplets. 
[0080] Thermally stimulated current (TSC) spectroscopy is 
Widely used to understand dielectric relaxation in complex 
solid systems. TSC is based on the ability of polar molecules 
to be moved by an electric static ?eld. At a temperature Tp, an 
electric ?eld is applied during a time tp long enough to let the 
dipoles orient themselves. This con?guration is ?xed by a 
rapid decrease in temperature to reach a temperature T0. At 
T0, the sample is short-circuited during a time t0 to remove 
the space charges and to equilibrate the temperature. The 
progressive and sequential release of the entities oriented 
previously can be observed during a linear rise in tempera 
ture. The depolarization current is then recorded as a function 
of the temperature. 
[0081] TSC measurements con?rmed that the electrospun 
PVDF-TrFE ?ber scaffolds have internal charges comparable 
to the original piezoelectric polymerpoWder. The electrospun 
and poWder forms Were heated from —600 C. to 1400 C. (7 C 
per min) and Were subjected to an externally applied ?eld of 
100 V. FIG. 2 shoWs the data resulting from TSC analysis of 
the electrospun PVDF-TrFE mat and the non-processed poW 
der form. It shoWs that for both the poWder and electrospun 
forms, there Was polarization due to the applied electric ?eld 
folloWed by a spontaneous relaxation. 
[0082] Thermal Gravimetric Analysis (TGA) Was per 
formed to detect any remaining solvent in the nano?ber mat 
using a Thermal Gravimetric Analyzer (TA Instrument model 
Q50). The analyzer measures Weight changes in materials 
With regard to temperature, Which alloWs for the effective 
quantitative analysis of thermal reactions that are accompa 
nied by mass changes resulting from dehydration, decompo 
sition and oxidation of a sample. 
[0083] The nano?ber mat Was subjected to vacuum prior to 
the analysis. A sample of the test material Was placed into a 
high alumina cup supported on, or suspended from, an ana 
lytical balance located outside the furnace chamber. The bal 
ance Was zeroed, and the sample cup heated according to a 
predetermined thermal cycle. The balance sends the Weight 
signal to the computer for storage, along With the sample 
temperature and the elapsed time. The TGA curve plots the 
TGA signal, converted to percent Weight change, on the 
Y-axis against the reference material temperature on the 
X-axis. 
[0084] The results shoWed that ?brous meshes With 
vacuum treatment had a 0.5% solvent content as demon 

strated by a loss of 0.5 Weight percent as compared to the 
unprocessed/raw polymer. 
[0085] Results obtained by DSC, XRD and FTIR shoWed 
that the electrospinning process did not alter signi?cantly the 
polymer structure compared to the original piezoelectric 
polymer poWder. 
[0086] Differential scanning calorimetry (DSC) is used to 
study the thermal behavior of polymers. In this technique, 
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separate chambers for the sample and reference are heated 
equally. Transformations taking place in the sample are 
detected by the instrument, Which compensates by changing 
the heat input so that there is a Zero temperature difference 
betWeen the reference and sample. The amount of electrical 
energy supplied to the heating elements is then proportional 
to the heat released by the sample. Thermal analysis Was 
performed With a TA Model Q100 Differential Scanning 
Calorimeter. 
[0087] Fourier-Transform Infrared Spectroscopy (FTIR) is 
used to observe vibrational changes in chemical bonds. Here, 
infrared radiation in the range from 4000 to 600 cm_l, the 
mid-infrared region, Was used. The presence and intensity of 
speci?c vibrational frequencies alloWs for determination of 
functional groups in organic molecules. The class of material 
(proteinaceous, cellulosic, and so forth) then can be identi?ed 
from these functional groups. 
[0088] A micro x-ray diffractometer capable of focusing a 
collimated x-ray beam (20 to 800 micron diameter range) 
onto areas of interest Within the sample Was used to generate 
an x-ray diffraction (XRD) pattern characteristic for the crys 
talline phases contained Within the sample. X-rays diffracted 
by the sample strike a detector and are converted to an elec 
tronic signal that is then further processed by softWare. 
Search-match softWare then Was used to match the unknoWn 
diffraction pattern to a database of diffraction patterns col 
lected from reference compounds. 
[0089] The degree of crystallinity Was determined, and the 
pieZoelectric crystal form of the copolymer present in the 
electrospun PVDF-TrFE mats Was con?rmed, by DSC. Com 
parisons of PVDF-TrFE mats With the pieZoelectric unproc 
essed poWder and solvent-cast ?lm as Well as With nonpieZo 
electric-unpoled PVDF pellets Were made. 

TABLE 1 
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example, electric dipoles may be aligned (meaning arranged, 
positioned or synchronized in a manner that alloWs for proper 
or optimal functioning) by utiliZing an electric ?eld. In this 
contect, the term “polarity” refers to the property, state or 
condition of having or manifesting tWo opposite or opposing 
charges Within the same body (versus, e.g., cellular polarity, 
Which refers to a situation in Which a cell has tWo or more 

anatomically and/or functionally distinct cellular domains). 

Example 3 

[0092] PVDF-TrFE Fiber Mats Support Stem Cells 
[0093] Three studies Were conducted to establish that the 
PVDF-TrFE ?ber mesh can be used as a scaffold to support 
stem cells or other cell types 

[0094] Materials and Methods 
[0095] 1. Cells 
[0096] (a) Cell line model for neuronal differentiation. 
When treated With nerve groWth factor (N GF), PC12 cells, a 
cell line derived from a pheochromocytoma of the rat adrenal 
medulla, stop dividing, groW long neurites, and undergo ter 
minal differentiation, Which makes this cell line a useful 
model system for neuronal differentiation. 

[0097] PC12 cells (ATCC number CRL-1721) Were seeded 
at 3><103 cells per cm2 culture dish and maintained in ATCC 
formulated F-12K medium containing 1.5% fetal bovine 
serum and 15% horse serum. Cultures Were maintained at 37° 

C., 95% air, 5% CO2 atmosphere. For induction of the neu 
ronal phenotype, 50 ng/ ml NGF (Chemicon) Was added to the 
medium at the start of the culture and maintained throughout 
the duration of the culture. The term “induction media” refers 
to the medium containing NGF. 

Comnari on ofDSC data With literature values 

PVDF-TrFE PVDF-TrFE PVDF-TrFE 

PVDF (65/35) (65/35) (65/35) 
Physical form Pellet Powder Solvent-cast ?lm Electrospun ?ber 

Tm (c) 171 (161*) 107 (1 peak) 115 (1 peak) 115 (1 peak) 
147 (154.55**) (2 peak) 147 (2 peak) 149 (2 peak) 

AHf(J/g) 45 (50*) 13 (1 peak) 13 (1 peak) 15 (1 peak) 
23 (30**) (2 peak) 34 (2 peak) 28 (2 peak) 

*Zhao, Z. et al., J. Appl. Polym. Sci. 97: 466-74 (2005); 
**Data provided by supplier (Solvay Solexis, Inc.) 

[0090] Table 1, Which compares the experimental DSC data [0098] (b) Fibroblasts. Normal human skin ?broblasts 
With literature values for test polymers (in parentheses), 
shoWs that loW and high temperature peaks Were observed in 
the PVDF-TrFE polymer during the ?rst and second heating 
cycle. The differences in the ?rst heating cycle betWeen the 
test polymers Were not detectable in the second heating cycle, 
Which suggests that there is no chemical degradation or 
changes in the chemical structure due to the fabrication pro 
cess. The melting points and heats of fusion for PVDF-TrFE 
materials are distinct from values obtained for the unpoled 
PVDF pellet, indicating that the pieZoelectric beta-phase 
crystal form is present in the electrospun mat. 
[0091] Moreover, the electrospun electroactive PVDF 
TrFE ?bers of the present invention do not require poling to 
shoW a pieZoelectric effect. The term “poling” as used herein 
refers to the adjustment of the polarity of a substance. For 

(ATCC number SCRC-1041) Were seeded at 5><103 cells per 
cm2 culture dish and maintained in Dulbecco’s modi?ed 
Eagle’s medium containing 15% fetal bovine serum. 

[0099] (c) Mesenchymal stem cells. Human mesenchymal 
stem cells (hMSCs) Were prepared as described in Living 
ston, et al., J. Materials Science: Materials in Med. 14: 211 
218 (2003) and in US. Pat. No. 5,486,359, Which are incor 
porated herein by reference. In brief, bone marroW aspirates 
of 30-50 mL Were obtained from healthy human donors. 
MarroW samples Were Washed With saline and centrifuged 
over a density cushion of ?coll. The interface layer Was 
removed, Washed, and the cells counted. Nucleated cells 
recovered from the density separation Were Washed and 
plated in tissue culture ?asks in Dulbecco’s Modi?ed Eagle’s 
Medium (DMEM) containing 10% fetal bovine serum 
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(“FBS”, HyClone Laboratories, Inc.). Non-adherent cells 
were washed from the culture during biweekly feedings. 
Colony formation was monitored for a 14-17 day period. 
MSC’s were passaged when the tissue culture ?asks were 
near con?uent. At the end of the ?rst passage, MSCs were 
enzymatically removed from the culture ?ask using trypsin 
EDTA and replated at a lower density for further expansion. 
At the end of the second passage, MSC’s were either seeded 
onto scaffolds or cryopreserved until future use. The hMSC 
cells were identi?ed as multipotent stem cells based on sur 

face marker characterization, which distinguishes the stem 
cells from other cell types in the bone marrow, for example 
white blood cells. Cells expressing CD44 (CD44+) and the 
absence of CD45 (CD45—) and CD34 (CD34—) surface anti 
gens were veri?ed by ?uorescence-activated-cell-sorter. 

[0100] Chondrogenic differentiation of hMSCs was per 
formed according to published procedures. See Barry, F. et 
al., Exp. Cell Res. 268, 189 (2001), which is incorporated 
herein by reference. 2><105 cells were seeded on PVDF-TrFE 
scaffolds in 24-well plates using three different culture 
media: (i) the chondrogenic culture media containing TGF[33, 
or induction media, (CCM+), consisted of 1 mM sodium 
pyruvate (Sigma), 0.1 mM ascorbic acid-2-phosphate 
(Wako), 1><10_7 M dexamethasone (Sigma), 1% ITS 1 (Col 
laborative Biomedical Products), and 10 ng/ml recombinant 
human TG[33 (Oncogene Sciences) dissolved in Dulbecco’s 
Modi?ed Eagle’s Medium containing 4-5 g/L glucose 
(DMEM-LG), (ii) chondrogenic culture media (CCM) with 
out TGF[33 (CCM—); (iii) mesenchymal stem cell growth 
media (MSCGM), the standard growth media for hMSCs, 
consisting of DMEM-LG with 10% fetal bovine serum and 
1% antibiotic-antimycotic. Cells were harvested after 1, 14, 
and 28 days of culture. 
[0101] Cell pellet cultures served as controls for these 
experiments. A single cell pellet was produced by centrifug 
ing 2.5><105 cells in a 15 mL centrifuge tube and culturing the 
pelleted cells in the tube. 
[0102] Cell viability: Metabolic activity and cell growth 
were measured using the XTT kit (Biotium, USA). XTT is a 
tetrazolium derivative that measures cell viability based on 
the activity of mitochondria enzymes in live cells that reduce 
XTT and are inactivated shortly after cell death. XTT is 
reduced to a highly water-soluble orange colored product, the 
amount of which is proportional to the number of living cells 
in the sample, and can be quanti?ed by measuring absorbance 
at wavelength of 475 nm. 

[0103] Cells were plated onto scaffolds in 96-well tissue 
culture plates at 10,000 cells per well for up to 7 days. 
Reagents were added such that the ?nal volume of tissue 
culture medium (containing 10% PBS) in each well was 0.1 
ml. For one 96-well plate, 25 [11 Activation Reagent was 
mixed with 5 ml XTT Solution to derive activated XTT solu 
tion. 25 [11 or 50 [11 of the activated XTT solution was added to 
each well and the plate incubated in an incubator for 4 hours. 
The plate was shaken gently to evenly distribute the dye in the 
wells. The absorbance of the samples was measured spectro 
photometrically at a wavelength of 450-500 nm. Reference 
absorbance is measured at a wavelength of 630-690 nm. 

[0104] Real time reverse transcriptase-polymerase chain 
reaction (RT-PCR): RNA was isolated using a Qiagen Mini 
kit (Qiagen). Samples were lysed and then homogenized 
using QiaShredder columns (Qiagen). Ethanol was added to 
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the lysate and the lysate was loaded onto the RNeasy silica 
gel membrane. Pure, concentrated RNA then was eluted from 
the membrane in water. 
[0105] Relative gene expression analysis (QuantiTect 
SYBR Green RT-PCR kit, Qiagen) for chondrogenic markers 
(chondroadherin, type 11 collagen), and focal adhesion kinase 
(FAK) was performed using the MX4000 detection system 
(Stratagene). Ribosomal protein, large, PO (“RPLPO”) was 
used as housekeeping gene. 
[0106] Qiagen PCR kit: 2>< QuantiTect SYBR Green RT 
PCR Master Mix (stored at —20° C.), template RNA, primers, 
and RNase-free water were thawed, mixed individually and 
placed on ice. A reaction components master mix was pre 
pared as follows: 

Component VoluIne/reaction Final concentration 

2x QuantiTect SYBR Green 12.5 [11 1x 
RT-PCR Master Mix 
PrimerA Variable 0.5-2.0 [1M 
Primer B Variable 0.5-2.0 [1M 
QuantiTect RT Mix 0.25 [11 0.25 [11 
RNAse-free water Variable i 

Optional: Uracil-N- Variable 1-2 units/reaction 
glycolase, heat labile 
Template RNA Variable 2500 ngreaction 

Total volume 25 [11 

[0107] Where ?nal reaction volumes other than 25 [11 were 
used, the volumes of 2.times. Quanti-Tect SYBR Green RT 
PCR Master Mix and Quanti Tect RT Mix used were adjusted 
so that the ratio between them remained constant. 
[0108] The master mix was mixed thoroughly and appro 
priate volumes dispensed into PCR tubes. Template RNA 
(2 500 ng/reaction) was added to the individual PCR tubes 
and incubated on ice for less than 30 min. The MX4000 was 
programmed and data acquisition performed during the 
extension step. A melting curve analysis of the RT-PCR prod 
uct(s) between 55° C. and 95° C. was performed to verify 
speci?city and identify of the RT-PCR products. 
[0109] A standard curve was generated using various RNA 
concentrations, which contain substantial levels of chondro 
genic markers (chondroadherin, type 11 collagen) and focal 
adhesion kinase (FAK). Two optical channels, one for SYBR 
Green and one for a reference dye (ROX), were used to 
correct for volume and plate location differences. Each tem 
plate was analyzed in triplicate. Stratagene reaction tubes 
(Cat. No. 41002) and caps (Cat. No. 410024) were used, and 
?uorscence data was collected for SYBR Green. A typical 
thermal pro?le used was the following: 500 C. for 30 min 
(reverse transcriptase step), 95° C. for 15 min (to activate the 
DNA polymerase), 40 cycles of: 94° C. for 15 sec, 55° C. for 
30 sec, 72° C. for 30 sec (triplicate readings of ?uorescence 
were taken during this phase of the cycle.) 
[0110] A dissociation curve was generated after the ampli 
?cation cycles were completed. For the ampli?cation plots, 
?uorescence was analyzed as “dRn” to generate C.sub.t val 
ues for all of the samples simultaneously. Gene expression 
levels were analyzed according to Mueller (Mueller, P. Y., 
Janoviak, H., Miserez, A. R., Dobbie, Z., Biolechniques 32, 
1372-74 (2002)), which is incorporated herein by reference, 
and expressed as “mean normalized expression.” 
[0111] Confocal ?uorescence microscopy was used to 
obtain ?uorescence images of cells cultured on ?ber scaf 
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folds. A ?uorescent stain, Which visualizes nuclear DNA 
(4',6-diamidino-2-phenylindole, DAPI, Invitrogen, USA) 
and the actin cytoskeleton (Alexa Fluor 488 phalloidin; Invit 
rogen, USA) in ?xed cells Was used. Fluorescence images of 
cells cultured on ?ber scaffolds Were taken With a confocal 

?uorescence microscope (Clsi, Nikon, Japan). 
[0112] Cell proliferation. Cell number over time Was mea 
sured using the PicoGreen assay (Invitrogen). 
[0113] sGAG synthesis: Absorbance at 656 nm Was used to 
measure total sulfated proteoglycan content (“sGA ”) using 
the Blycan assay (Biodyne Science, UK). 
[0114] Results. The results shoW that PDVF-TrFE ?ber 
piezoelectric scaffolds are biocompatible and stimulate dif 
ferentiation of hMSCs into chondrocytes, PC-12 neuronal 
cells into neurites; and stimulate attachment and groWth of 
?broblasts on the PVDF-TrFE scaffold as compared to 
groWth of these cells under normal culture conditions. 

[0115] FIGS. 3a-3c shoWs that at 10 days in culture, exten 
sive neurite extension on PVDF-TrFE meshes Was seen With 

or Without media containing Nerve GroWth Factor (NGF). 
Neurite extension of cells groWn on electrospun poly-L-lactic 
acid [PLLA] (average ?ber diameter of 1.0104 um) scaffolds 
appeared less extensive and only occurred in the presence of 
NGF. As shoWn in FIG. 5d, cell groWth, as measured by 
metabolic activity using the XTT kit (Biotium, USA), Was 
signi?cantly loWer on PVDF-TrFE meshes for both groWth 
and induction media as compared to tissue culture polysty 
rene and PLLA scaffolds, suggesting that PVDF-TrFE doWn 
regulates proliferation and facilitates differentiation. 
[0116] FIGS. 4 and 5 shoWs that for human mesenchymal 
stem cell chondrogenesis, glycosaminoglycan production by 
cells on PVDF-TrFE meshes/mats Was signi?cantly higher 
than for cells on PLLA or in pellet culture (positive control) in 
inductive media. It is knoWn that transforming groWth factor 
.beta. (TGF-.[3) induces chondrogenesis in hMSCs and 
involves deposition of a cartilage-speci?c extracellular 
matrix. Barry, F. et al., Exp. Cell Res. 268, 189 (2001). Initial 
studies shoWed that chondrogenic markers and sGAG syn 
thesis Was signi?cantly induced by CCM+ media. As shoWn 
in FIG. 4, the sGAG concentrations and chondroadherin/FAK 
gene expression Was signi?cantly higher on PVDF-TrFE as 
compared to PLLA scaffolds (p<0.01). HoWever, no signi? 
cant differences betWeen PVDF-TrFE and PLLA scaffolds 
could be seen using CCM- and MSCGM media (chondroad 
herin, type II collagen, and FAK gene expression; sGAG 
synthesis). 
[0117] Human skin ?broblasts (ATCC number SCRC 
1041) Were cultured on PVDF-TrFE ?ber scaffolds over a 
7-day period. Tissue culture polystyrene (TCPS) served as the 
control). FIG. 6 and FIG. 7 shoW that ?broblasts greW and 
Were Well-spread on PVDF-TrFE meshes. This Was compa 
rable to groWth on tissue culture plastic (positive control). 
[0118] Confocal ?uorescence microscopy veri?ed the 
attachment and proliferation of the cells on the PVDF-TrFE 
?ber scaffolds. FIG. 7 shoWs confocal scanning laser micros 
copy images of human skin ?broblasts attached to PVDF 
TrFE ?bers after 1 day and after 7 days of cell culture. The cell 
morphologies of one day cultures on the ?ber scaffolds are 
distinctly different from those of 7-day cultures. On day 1, the 
cells are not fully spread out. When groWn on the scaffolds for 
a longer time (7 days) cells exhibit a more elongated and 
spread-out morphology. 
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Example 4 

[0119] PC12 and DRG Culture 
[0120] For one embodiment of the present invention the 
scaffolds Were pre-conditioned in cell culture media for one 
day prior to seeding. PC12 cells Were seeded at 0.18><106 
cells/cm2 on to the scaffolds and collagen coated plates (con 
trol) and Were cultured in either control media or induction 
media containing neural groWth factor (N GF, 250 ng/mL) a 
day after. PC12 cells Were stained With Phalloidin (cytoskel 
etal stain, Invitrogen) and proliferation Was evaluated by 
MTT cell proliferation assay (Invitrogen) at day 10 and 14. 
[0121] In an exemplary embodiment of the present inven 
tion, DRGs isolated from E15 embryonic rat pup Were plated 
on the scaffolds and stained With Vybrant® CFDA SE cell 
tracker (Invitrogen, Carlsbad, Calif.) at day 3. 
[0122] Average ?ber diameter in this exemplary embodi 
ment of electrospun PVDF-TrFE Was 0.75 um:0.08. Direc 
tional ?ber orientation Was observed in the aligned scaffolds 
(FIG. 1). Crystallization (data not shoWn) and melting point 
of electrospun PVDF-TrFE (148.10 C.) Were shifted to a 
higher temperature as compared to the unprocessed poWder 
(146.10 C.) (FIG. 2). Current movement occurred just before 
melting in the unprocessed poWder (FIG. 2a). Current move 
ment started at 650 C. and continued before the melting in 
temperature of electrospun PVDF-TrFE (FIG. 2b). The 35° 
C. peak is the spontaneous relaxation of the Te?on sheets. 
When the mechanical deformation started, an increase in 
electric response occurred (FIG. 20). Amplitude of response 
varied betWeen —30 mV to 30 mV (FIG. 2d) for this embodi 
ment of the present invention. 
[0123] PC12 neurite extension Was observed on both ran 
dom and aligned scaffolds (FIG. 8b,d). Neurite extension 
both occurred along the direction of alignment (FIG. 8d) and 
on the collagen coated plates (FIG. 8]’). PC12 proliferation 
Was higher on collagen in the induction group onboth days 10 
and 14 (FIG. 8g). Proliferation in the control media Was 
similar for both materials at both time points (data not 
shoWn). Neurite extension of DRGs Was also observed on 
both random and aligned PVDF-TrFE scaffolds (FIG. 9). 
[0124] In certain exemplary embodiments of the present 
invention, DSC results of unprocessed and electrospun 
PVDF-TrFE indicated no signi?cant alternation occurred 
during the electrospinning process, as indicated by similar 
melting temperatures. Shifting of melting and crystallization 
temperature suggested extended chain crystallization during 
the electrospinning process. The piezoelectric phenomenon 
is characterized by the presence of dipole crystal structure. 
For certain embodiments, dipole movement Would occur 
upon heating and could be observed as the current movement 
on TSDC. DSC and TSDC results of electrospun PVDF-TrFE 
(FIG. 2b) suggested a phase transform alloWing dipole move 
ment. Crystal structure movement upon melting contributed 
to the current movement in the unprocessed PVDF-TrFE 
poWder (FIG. 2a). The electrical activity detected in these 
embodiments While deforming the electrospun PVDF-TrFE 
(FIG. 2c,d) corresponded to the observation of its piezoelec 
tric properties. 
[0125] PC12 cell proliferated and extended neurites along 
the direction of ?ber alignment indicated the in?uence of 
contact guidance. No difference in cell proliferation Was 
observed in control media on both days suggesting it may due 
to the differentiation process. 
[0126] Neurite extension of both PC12 cells and DRGs Was 
observed on both random and aligned electrospun PVDF 








